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Abstract
In this report, we discuss the possibility to use Josephson junctions as
superconducting memory devices. These Josephson junctions are SFS
(Superconductor-Ferromagnet-Superconductor) junctions. Due to a
magnetization gradient, we generate triplet supercurrent at the interface.
The junctions are disk-shaped, with cobalt on the bottom as the
ferromagnet and niobium on top as the superconductor. Through the
niobium, a trench is milled, to create the junction. The magnetization of
the cobalt is circular in a pattern called a vortex. In the center the
magnetization comes out of the plane. This is called the vortex core, and
splits the junction into two channels. We can push this vortex core out
with an in-plane field. By measuring out-of-plane interference patterns,
we can calculate the spatial supercurrent distribution. By measuring such
patterns with and without the vortex, we have shown that these SFS
Josephson junctions can be used as superconducting memory devices.
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Chapter1
Introduction
In the American movie Spectral, humans are attacked by creatures made
of superfluid material. These creatures are however stopped by iron, they
are for example unable to enter tanks. This is because superconductiv-
ity and ferromagnetism generally do not mix well, which apparently even
Netflix producers know nowadays. In a superconductor, a supercurrent,
which consists of a condensate of Cooper pairs of electrons, flows with-
out dissipation. This condensate is described by one macroscopic wave
function. The ground state is even in frequency, even in space and odd in
spin, so spin singlet. Spin singlet means that the spins of the electrons are
opposite to each other.
In a ferromagnet, there is an exchange field,the energy of which is typi-
cally large enough to break up the Cooper pairs. This field will try to align
all spins in one direction. Therefore, singlet supercurrent cannot survive
in a ferromagnet. If we can convert singlet supercurrent to triplet super-
current however, supercurrent can still flow in a ferromagnet. Bergeret et
al. [2] [3] has discovered how to do this, namely with a nonzero spatial
magnetization gradient. Eschrig [1] has written a review paper on this.
Houzet and Buzdin [4] described theoretically how to generate triplet su-
percurrent using a ferromagnetic trilayer, where there is an angle between
the magnetization direction of the layers. A practical system in which
triplet supercurrent was generated with a ferromagnetic trilayer was cre-
ated by Lahabi et al. [5]. They use a disk made of layers of cobalt, nickel
and niobium. Through the niobium and the nickel, they mill a trench to
create a junction. They show that the magnetic vortex core splits the su-
percurrent into two channels due to the strong local out-of-plane magnetic
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field. This was confirmed by calculations made by Silaev [6].
The disadvantage of such a system is that it has two magnetic layers,
which makes it hard to control with a macroscopic magnetic field. We
would like to generate triplet supercurrent using only one magnetic layer.
Kalenkov et al. [7] suggested a system that consists of a ferromagnetic disk
with two superconducting leads, that partially cover the disk. They calcu-
lated the amplitude of the generated triplet supercurrent as a function of
location on the disk. The magnetization gradient due to the magnetic vor-
tex turns out to be sufficient for triplet supercurrent generation.
In this report, we describe the realization of a system with one ferromag-
netic disk in practice. Our system consists of a disk of cobalt and niobium.
Through the niobium, a trench is milled to create a junction. We want to
use the cobalt layer as the switching part in our SFS junction, and read
it out by measuring the critical current of the system. Martinez et al. [8]
reported a system that can also serve as superconducting memory. The
disadvantage of their system is that one needs a magnetic field in two per-
pendicular directions to switch its state. In our system, we only need a
magnetic field in one direction to switch its state.
To find out how the magnetization in the disk behaves, we have performed
micromagnetic simulations with the OOMMF software package. We will
check how the vortex moves when we apply in-plane magnetic fields to
the disk. Because the vortex splits the supercurrent into two channels, the
spatial distribution of the supercurrent will depend on the location of the
vortex.
How the spatial supercurrent distribution over a junction can be measured
is described by Dynes and Fulton [9]. Their basic idea is to measure the
critical current of the junction for different magnetic fields perpendicular
to the supercurrent (i.e. an out-of-plane field), and Fourier transforming
this to find out the spatial supercurrent distribution.
With an in-plane field, we can control the magnetization of the disk and
the location of the vortex. We have taken out-of-plane measurements with
the vortex on different locations in the sample. With the Dynes and Ful-
ton method, we can calculate how the current distribution reacts to this.
We have also checked whether the samples can be operated as supercon-
ducting memory devices. With this we mean pushing the vortex out of
the sample with a strong in-plane field. When we go back to zero field
8
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9in-plane, we have shown that the sample remembers that is has been mag-
netized.
In this thesis, we compare the results of the experiments with simulations
to check whether the measured out-of-plane interference patterns and as-
sociated spatial supercurrent distributions can be explained.
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Chapter2
Theory
2.1 Superconductivity
At room temperature, superconductors behave just like normal metallic
materials. But when the temperature drops below the critical temperature
TC, the metal suddenly goes superconducting. This means that a current
can be sent through the metal without a voltage drop over the metal. An-
other way of saying this is that the resistance of the metal has gone to 0.
The mechanism behind this superconducting state is the formation of so-
called Cooper pairs. A Cooper pair consists of two electrons that form a
bond. Because a pair of two electrons is a boson, unlike a single electron,
all the pairs can condensate into the ground state. This condensate can
be described with one macroscopic wave function, which makes super-
conductivity a macroscopic quantum effect. The Cooper pairs are formed
as such: the first electron attracts all of the positively charged cores in
its vicinity. This local accumulation of positive charge attracts the second
electron, with which the first electron forms a pair. These electrons subse-
quently can travel unhindered through the metal. One could say that the
first electron paves the way for the second. The typical binding energy of
a Cooper pair is of the order of 10−3 eV. Because electrons are fermions,
the total wave function of the Cooper pair has to be anti-symmetric. This
means that of the spatial, the temporal and the spin part, one of them has
to be anti-symmetric, or all of them of course. In a regular superconductor,
the spin part is anti-symmetric, which means that the superconductor is in
a singlet state.
There are three ways to break this superconducting state. The first and
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most obvious way is raising the temperature back up to above TC. The
thermal energy then becomes bigger than the binding energy of the Cooper
pair. The second way is applying a current higher than the critical current
IC. The third way is applying a magnetic field higher than the critical field
µ0HC. When a lower magnetic field is being applied, the superconduc-
tor screens the field out, this is the Meissner effect. On the surface of the
superconductor, current flows in circles to create an opposing field to pre-
vent the exterior field from penetrating into the superconductor. A too
strong field cannot be screened out, and breaks down superconductivity.
How deep a superconductor lets a magnetic field penetrate is given by the
London penetration depth λL. A typical penetration depth is a few hun-
dred nm.
Another parameter that is very important in superconductivity is the co-
herence length ξ. This parameter indicates the length over which the or-
der parameter changes. The order parameter is a complex number, whose
modulus describes the density of Cooper pairs. Supercurrent is driven by
a spatial phase difference φ of the order parameter.
2.2 Josephson junctions
The coherence length also indicates how deep the supercurrent can leak
into a non-superconductor. This effect is called the proximity effect. This
allows for the construction of Josephson junctions. A Josephson junction
is a multilayered device with on both ends a superconductor (S). In the
middle, the so-called weak link, can be an insulator (SIS), a normal metal
(SNS) or a ferromagnet (SFS). Supercurrent cannot in principle survive in
the weak link, but if the width is small compared to the coherence length,
supercurrent can still flow. In a non-spin-polarized weak link, i.e. an in-
sulator or a normal metal, the supercurrent can flow in its regular state,
with the spin part being anti-symmetric, i.e. a singlet state. However, if
the weak link is a ferromagnet, and thus spin-polarized, the situation is
completely different.
With this, we have come to the main topic of this thesis, SFS junctions.
Due to the spin-polarity of the ferromagnet, singlet supercurrent cannot
flow, only triplet supercurrent can. But how do you convert singlet super-
current to triplet supercurrent? This is theoretically described by Matthias
Eschrig [1]. He describes, using the work of Bergeret, Volkov and Efe-
tov [2] [3], how a magnetization gradient convert singlet supercurrent to
12
Version of May 15, 2018– Created May 15, 2018 - 13:23
2.2 Josephson junctions 13
triplet supercurrent.
The situation is shown clearly in figure 2.1, which was taken from ref [1].
In figure 2.1a, the weak link is a weakly spin-polarized ferromagnet. In
this case, a domain wall generates triplet supercurrent, because the angle
of the magnetization is continuously changing, so there is a magnetization
gradient. In figure 2.1b, the weak link is a strongly spin-polarized ferro-
magnet. In this case, the triplets are generated at the interface between two
layers of misaligned magnets. A 0 or a pi junction can be created in this
way, dependent on the relative magnetic orientation of the two interfaces.
Figure 2.1: (a) Triplet generation in a weakly spin-polarized ferromagnet, where
a domain wall provides enough magnetization gradient. (b) Triplet generation
in a strongly spin-polarized ferromagnet, where noncollinear layers generate the
triplets. [1]
With a 0 junction we mean a junction that is described by the current
phase relation Ic = I0 sin φ. φ here is the phase difference between the two
order parameters of the two superconductors. A pi junction is described by
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the current phase relation Ic = −I0 sin φ. This makes it the exact opposite
of a 0 junction. The directions in which the current will flow, are opposite
in a 0 and a pi junction when the same phase difference is applied to them.
Kalenkov et al. [7] wrote a theory paper about a system that is very similar
to ours. They calculated the amplitude of the triplet generation at the inter-
face between the superconductor and the ferromagnet as a function of the
position on the disk. They claim that it is possible to make a 0 or a pi junc-
tion if you cut out certain parts of the superconducting leads. We think,
but this has to be confirmed theoretically, that it should also be possible to
do this by moving the vortex. This will namely change the amplitude of
triplet generation in the disk.
Figure 2.2: The interference pattern and spatial supercurrent distribution for (a)
one channel (b) a combination between one and two channels (c) two channels.
[10]
We know that the magnetic vortex core splits the supercurrent into two
channels [5]. We measure this using out-of-plane measurements. This
means applying a magnetic field perpendicular to the plane of the junc-
tion and measuring the critical current. This yields an interference pat-
tern. How this interference pattern can be converted into a spatial super-
14
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current distribution is explained in the next paragraph. Three examples of
supercurrent distributions and their corresponding interference patterns
are shown in figure 2.2. Figure 2.2a shows one channel and its associ-
ated Fraunhofer interference pattern, figure 2.2c shows two channels and
its associated SQUID interference pattern and figure 2.2b is somewhere in
between one and two channels.
2.3 Dynes and Fulton method
Dynes and Fulton [9] have developed a method to calculate the spatial dis-
tribution of supercurrent along the junction. To do this, one has to measure
an interference pattern, namely the critical current as a function of applied
magnetic field. This magnetic field has to be applied perpendicular to the
junction, such that there is a flux through the junction. The formula to
calculate from Ic(B) to Ic(x) is given by the following Fourier transform:
Ic(x) =
∣∣∣∣∫ ∞−∞ Ic(B)e2piiBzLx/Φ0dB
∣∣∣∣ (2.1)
L in this case is the length of the junction, which depends on the coherence
length, which depends on the temperature. A lower temperature means a
larger L. Φ0 = h2e is the flux quantum.
To do the calculation in practice, we use the following protocol. As a first
step, we have to define Ic(B). Our measured data is voltage as a function
of current and magnetic field. For every value of the magnetic field, we
define the critical current as the current that corresponds to a voltage of
0.3 µV. To find this current, we linearly interpolate the data near the crit-
ical voltage. As a second step, we normalize the current by subtracting
the average value of all the minima. As a third step, we have to correct
for the fact that we are measuring |Ic(B)|, whereas for the calculation we
have to take the phase into account. Therefore, we flip every second lobe,
i.e. multiplying with -1. As a last step, we do the Fourier transform using
formula 2.1.
This method is based upon the assumption that Ic(B) is symmetric. We
have also used this method when this was not entirely the case. This
method also cannot make a distinction between 0 or pi channels.
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Chapter3
Micromagnetic simulations
3.1 Introduction
For our measurements, we would like to know how the magnetization in
the cobalt reacts to various field sequences. For this purpose, we have used
micromagnetic simulations. These were performed using OOMMF (Ob-
ject Oriented MicroMagnetic Framework), a portable, extensible public
domain program providing tools for micromagnetic simulations. OOMMF
is developed and maintained by Applied and Computational Mathemat-
ics Division (ACMD) of ITL/NIST. The main contributors to OOMMF are
Mike Donahue and Don Porter [11].
3.2 OOMMF
OOMMF is written in C++, but it can be controlled through a graphical
interface. As an input, so-called .mif files are used. In these files, all the
simulation parameters are defined: the used material(s) and geometry, the
parameters of this(these) material(s), the initial magnetization, the fields
sweeps that are to be applied, and the desired output files. The .mif file can
then be used as an input for the 3D/2D solver that comes with OOMMF.
The technique that these solvers use is based on a mesh. At each point
in the mesh, the Landau-Lifshitz-Gilbert equation [12] is solved.
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3.3 Simulation results
We will now present the results of the various simulations that we have
done. We have two types of simulations. The first one is with the applied
field along the trench of the disk, the second one with the field perpendic-
ular to the trench. The presence of the leads causes these two situations to
be different, because it breaks the rotation symmetry of the disk. In both
cases, we used the following field sequence: 0 mT→ 150 mT→ -150 mT
→ 150 mT, in 3 mT steps. A field of 150 mT fully saturates the disk. We
will focus on how the vortex moves through the disk, what field pushes
it out, at what field the single vortex returns and how the single vortex
returns. We will deal with the field along and perpendicular to the trench
separately.
3.3.1 In-plane magnetic field along the trench
When the magnetic field is 0 mT, the magnetic vortex sits in the center of
the disk. When a magnetic field is applied in-plane with the cobalt disk,
the vortex will start to move. To intuitively figure out how it will move,
let’s consider figure 3.1a. If we apply the field in the positive y-direction
in the picture, then the inner product of the field with the magnetic mo-
ments in the right part of the disk is positive. In other words, the magnetic
moments and the field are more or less parallel. In the left part of the disk
the inner product is negative, in other words, the magnetic moments and
the field are more or less anti-parallel. Because all the magnetic moments
will try to align with the field, the right part of the disk will become bigger
and the left part smaller. This will make the vortex move to the left. The
vortex will always move perpendicular to the applied field. Which way it
moves depends on the chirality, which is random and very hard to mea-
sure experimentally.
The results of the simulation are depicted in figure 3.1. Figure 3.1a is the
initial situation at 0 mT. The vortex is situated in the center of the disk. The
field we will now start applying will be upwards in these figures. In figure
3.1b, the effect of the field can be seen, the vortex has moved to the left. At
96 mT, in figure 3.1c, the vortex has just been pushed out of the disk. Some
remains of the vortex are on the upper and bottom left rim of the disk.
These remains have moved to the right side of the disk in figure 3.1d. The
field is 63 mT here, after it has been 150 mT. These remains become two
vortices with the same chirality in figure 3.1e, at 54 mT. These two vortices
merge at 48 mT, in figure 3.1f. Please note that the chirality has flipped
18
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between figures 3.1a and 3.1f. If we continue the sequence now, going to
-150 mT, the vortex movements will repeat themselves.
(a) 0 mT (b) 45 mT
(c) 96 mT (d) 63 mT
(e) 54 mT (f) 48 mT
Figure 3.1: The results of the OOMMF simulation of the magnetization of a cobalt
disk, where the magnetic field was applied parallel to the trench. The arrows rep-
resent the in-plane magnetization, the colour represents the out-of-plane magne-
tization. The simulation was started at 0 mT field, which was then increased to
150 mT, to then go back to 0 mT again. Figures a, b and c are on the way up
to 150 mT, figures d, e and f are on the way down. The trench is in the positive
y-direction, just as the applied field.
We have done another simulation with the field parallel to the trench.
There are two differences with the previous simulation. The first is that
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Figure 3.2: The equivalent of figure 3.1d for the simulation with a layer of nickel
on top the cobalt, and with the magnetic field up to 250 mT. The magnetic field is
36 mT.
there is a layer of nickel on top of the cobalt, which is also magnetic. The
layers are separated by a small layer of copper (5 nm). The second is that
we go up to 250 mT, instead of 150 mT. The reason for this is that when
we performed the 150 mT simulation, we knew that 150 mT was enough to
saturate the sample, and this saved us time. The equivalents of figures 3.1a
till 3.1c are very similar for this simulation. The equivalent of figure 3.1d
is figure 3.2. The magnetic field here is 36 mT. The difference with figure
3.1d is that the vortices are diagonally across from each other, and that
the chiralities are opposite. These two vortices merge at 0 mT, much later
than the previous simulation. An explanation could be that vortices with
the same chirality are attracted to each other, while vortices with opposing
chiralities repel each other. But again, the conditions of both simulations
were not exactly the same, so more simulations are needed to confirm or
disprove this hypothesis.
3.3.2 In-plane magnetic field perpendicular to the trench
When the field is applied perpendicular to the trench (along the x-direction),
the vortex will start moving along the trench, according to the argument
we made in the previous paragraph that the vortex always moves perpen-
dicular to the applied field. The results are depicted in figure 3.3. Figure
3.3a shows the ground state at 0 mT, the vortex is in the center of the disk.
In figure 3.3b, the effect of the field starts to occur, the vortex begins to
20
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move down. 45 mT is the field needed to push the vortex out (figure 3.3c).
Then on the way back from 150 mT, it takes a field as low as 15 mT (figure
3.3d) to start some curling of the magnetization. A multiple vortex state
emerges at 3 mT (figure 3.3e). These vortices merge into a single vortex at
-18 mT (figure 3.3f).
(a) 0 mT (b) 33 mT
(c) 45 mT (d) 15 mT
(e) 3 mT (f) -18 mT
Figure 3.3: The results of the OOMMF simulation where the magnetic field was
applied perpendicular to the trench. The arrows represent the in-plane magneti-
zation, the colour represents the out-of-plane magnetization. The simulation was
started at 0 mT field, which was then increased to 150 mT, to then go back to -150
mT. Figures a, b and c are on the way up to 150 mT, figures d, e and f are on the
way down. The applied field is in the x-direction.
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Chapter4
Device fabrication
4.1 Introduction
We will now explain how the devices were made. The process consists of
several steps. We start with silicon wafers with a layer of silicon oxide on
top of them. On top of this, we spin coat a layer of positive electron beam
resist, and then we pattern it using standard electron beam lithography.
The patterned resist is then removed, and the sample goes to the ultra
high vacuum sputter machine. There, we sputter layers of cobalt, copper
and niobium, and we cap it with a tiny layer of platinum. Then we lift-off
the remaining resist, leaving the pattern. As a last step, the cobalt disks
are patterned with a focused ion beam. We will now present a succinct
description of all the elements. In total, we have made four samples.
4.2 E-beam
Before we can pattern the sample with the E-beam, we spin coat the wafers
with a thin layer of PMMA 600K, which we bake for 60 seconds at 180 ◦C.
Subsequently, we spin coat another layer of PMMA 950K, which we also
bake for 60 seconds at 180 ◦C. The PMMA 600K is more sensitive to the E-
beam than the PMMA 950K. This creates an undercut in the pattern, which
makes doing the lift-off in the end easier. Then, the sample is patterned in
the E-beam. The pattern consists of four contact pads, that are connected
to a central square. On this square, we later pattern the cobalt disk with
the focused ion beam. Figure 4.1b shows the central square and the wires
connecting the square (later the cobalt disk) and the contact pads. The
contact pads are used as electrodes to apply current and sense voltage. In
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(a)
(b)
(c)
Figure 4.1: (a) A schematic top view of our device. Blue represents the niobium,
orange the cobalt. (b) A zoomed in image of the part where the wires to the
contact pads meet. This image was taken with an optical microscope. The small
square in the middle is where the cobalt disk will be patterned with the focused
ion beam. (c) A schematic side view of our device. Blue represents the niobium,
orange the cobalt.
figures 4.1a and 4.1c, the top and side view are depicted respectively.
When the patterning is done, we develop the sample. This means hold-
ing it for 70 s in the developing liquid MIBK and then into a stopper to
stop the process. The developer dissolves the PMMA that has been illu-
minated with the E-beam. Now, the sample is ready for the next step.
4.3 UHV sputtering
To deposit layers of metal on top of the structure we just made, we use a
technique called sputtering. High energetic particles collide with a target
that is made of the material that we would like to deposit. These particles
eject atoms from the target that start diffusing through space, and then ad-
sorb on the sample.
24
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This process takes place in an ultra high vacuum (UHV) chamber. This
means that the pressure is less than 10−9 mbar. When this base pressure is
reached, argon is let into the chamber, at a pressure of 4 · 10−3 mbar. These
argon atoms are going to be the plasma of high energetic particles. The
plasma is ignited with a high voltage. The growth rate of this method is
typically a few nm per minute.
The layers we sputter are 65 nm of cobalt, 40 nm of niobium and we cap
them all with 7 nm of platinum.
4.4 Lift-off
To remove the layers of metal that were sputtered on top of the remaining
PMMA, we perform a lift-off. This means that we submerge the sample in
acetone for a long time, at least 30 minutes. This dissolves the PMMA and
the layers of metal on top of it. If a piece does not want to come loose, we
ultrasonicate it for one second. If necessary, we ultrasonicate again for one
second.
4.5 Focused ion beam milling
The final step in the production process is done in the focused ion beam
at TU Delft. With a focused beam of gallium ions, the fine structure of the
cobalt disk is milled out of the small square from figure 4.1b. Three typical
steps are depicted in figure 4.2. In the first step, depicted in figure 4.2a, a
small bridge is milled out of the square. This bridge will later become the
cobalt disk. In the second step, depicted in figure 4.2b, the cobalt disk with
its contacts is milled out of the bridge. In the third and final step, depicted
in figure 4.2c, a trench is milled through the middle of the cobalt disk. We
have used different milling times for different devices, namely 2, 3, 4, 5 or
6 seconds of milling time.
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(a) (b)
(c)
Figure 4.2: (a) The first step of the milling, where a small bridge is created that
will become the cobalt disk. (b) The second step of the milling, the cobalt disk
with its contacts is now created. (c) The final step of the milling, where the trench
in the middle is made. This trench is milled for 3 seconds.
26
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Transport measurements
5.1 Introduction
In this chapter, we will present our measurements on the devices. Our
main measurements were done on two devices. For convenience, we will
call these devices device A and device B. Device A has been milled for 4
seconds and device B for 3 seconds. Device A has only been measured in
the PPMS (Physical Property Measurement System) and device B only in
the vector magnet.
We have done measurements in the PPMS and in the vector magnet. The
PPMS is a cryostat in which you can cool down to 2 K, and in which a
magnetic field up to 9 T in the vertical direction can be applied. Since the
sample is on a rotatable puck, the field can be applied out-of-plane, and
in-plane, either along or perpendicular to the trench, depending on how
it was glued onto the puck. The sample is connected to the puck using
wirebonding. The puck is with internal and external wiring connected to
a breakout box. The current source and the voltage meter can be connected
to this breakout box, to do the transport measurements.
The vector magnet is a similar system. It also consists of a cryostat that
can be cooled down to 2 K. The difference with the PPMS is that the mag-
netic field can be applied in all the directions separately. This is because
there are three magnetic coils, for x, y and z, that can apply respectively
up to 2 T, 1 T and 6 T. This allows for fixing the field in one direction, while
varying in another direction. This is practically unfeasible in the PPMS.
The measurements we have taken in these both machines are mainly out-
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of-plane measurements. This means that the magnetic field is applied per-
pendicular to the disk. For every value of the field we take an IV curve.
We plot this data 3D, with voltage represented by colour. As explained by
Dynes and Fulton [9], this gives an interference pattern, that can be used
to calculate the spatial current distribution. We also have some in-plane
measurements, where we also take IV curves for every value of the field.
We have done these measurements parallel to the trench. We take these
measurements to check what field lets the supercurrent go to zero.
5.2 PPMS measurements
5.2.1 Device A
Figure 5.1: A SEM picture of device A, on which all the PPMS measurements
have been performed.
5.2.2 RT measurement
The first thing we want to check when measuring one of our devices is
its resistance at room temperature. Its value should be between 2 Ω and
8 Ω, based on previous measurements performed in the group. If this
is the case, we cool down the sample to 10 K, and take a resistance ver-
sus temperature (RT) curve from 8 K down to 2 K. We expect to see two
transitions, as can be seen in figure 5.2. The first transition takes place
28
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Figure 5.2: The RT curve of device A.
around 6 K, and indicates that the niobium has become superconducting.
The second transition is less abrupt and takes place between 6 K and 4 K.
This indicates that the cobalt weak link is getting proximised, so triplets
are being generated at the interface between the niobium and the cobalt.
After the second transition, the junction is fully superconducting. At the
temperature just below the second transition, we take our current versus
voltage (IV) curves. This is to make sure that the critical current is not too
high. This is 4 K in our case.
5.2.3 Out-of-plane measurement demagnetized
Figure 5.3: The OOMMF simulation of the cobalt disk before magnetizing it.
The main thing we would like to show with the PPMS measurements
is that the cobalt disks have a memory. To show this, we first demagnetize
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(a)
(b)
Figure 5.4: The out-of-plane measurements after device A has been demagnetized
with a 2.5 T out-of-plane field. The interference pattern is a Fraunhofer pattern.
the device with a 2.5 T out-of-plane magnetic field. This is to make sure
that a single vortex is in the center of the disk (see figure 5.3), and any
memory from the past is erased. Then we take an out-of-plane measure-
ment with the following field sequence: 0 mT→ 25 mT→ -25 mT→
25 mT in 0.5 mT steps. For each field step we took an IV from -5 µA→
50 µA in 1 µA steps. In figure 5.4, the results are plotted. The interference
pattern is clearly a Fraunhofer pattern, which means a central lobe that is
twice as wide as all the other lobes, and the height of the lobes decays 1/B.
A Fraunhofer pattern corresponds to a single supercurrent channel.
30
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To check this, we perform the Fourier transform, using formula 2.1. We
transformed figure 5.4b, because this interference pattern is the most clear.
We have used L=550 nm. This was determined empirically, such that all
the features that seem to be real fit within the width of the disk. The result
is plotted in figure 5.5. It is a single channel, even though there is a dip in
the middle.
This most likely means that the central lobe in the Fraunhofer pattern is
a little bit less than twice as wide as the other lobes. In other words, the
interference pattern tends a little bit towards a two-channel interference
pattern. The best physical explanation for this is that the niobium in the
device has not been completely milled through. Therefore, current can
both flow through the niobium as well as through the cobalt. This causes
the one- and two-channel interference patterns to mix.
Figure 5.5: The Fourier transform of figure 5.4b, using formula 2.1 with L=550
nm.
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5.2.4 In-plane measurement
Figure 5.6: A sketch of the device to show the direction of the in-plane magnetic
field, namely along the trench.
We would like to show that this device has a memory. To do this, we
take an in-plane measurement with the following field sequence: 0 mT→
150 mT→ -150 mT→ 150 mT in 3 mT steps. The field is applied along the
trench (see figure 5.6). The results are plotted in figures 5.7, 5.8 and 5.9.
At the beginning of the sequence (figure 5.7), the critical current is around
30 µA, but it decays soon as the field increases. At 150 mT, the sample
should be fully magnetized according to the simulations, the critical cur-
rent is not completely 0 however. We are not sure why this is the case,
maybe a slightly higher field is necessary to achieve this.
When we go back to 0 mT field in figure 5.8, the critical current is much
lower, about 5 µA. This indicates that the device has memory. When we
go further down in field, around -20 mT, the critical current goes back up
again, indicating a return of the vortex. When we go even higher, it decays
again. When we continue the field sweep in the negative direction (figure
5.9), the critical current goes up around 0 mT field. From this, we think the
location and the chiralities of the nucleating vortices can be seen. We saw
in the chapter about micromagnetic simulations that when the field is ap-
plied along the trench, two different vortex situations can appear. Namely,
with the same chiralities on the same side of the disk, and with opposing
chiralities diagonally across from each other. In these two situations, the
vortices merge into one single vortex at different fields. When we continue
the field sweep in the positive direction, the critical current decays again.
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Figure 5.7: The in-plane measurement when the field was applied along the
trench of device A, forward sweep.
Figure 5.8: The in-plane measurement when the field was applied along the
trench of device A, backward sweep.
Figure 5.9: The in-plane measurement when the field was applied along the
trench of device A, forward sweep.
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5.2.5 Out-of-plane measurement magnetized
Figure 5.10: The out-of-plane measurement after device A has been magnetized
with a 150 mT in-plane field. The out-of-plane field is sweeped from positive to
negative here.
Figure 5.11: The out-of-plane measurement after device A has been magnetized
with a 150 mT in-plane field. The out-of-plane field is sweeped from negative to
positive here.
To acquire some stronger proof for memory in the device, we magne-
tized the sample with a 150 mT in-plane field along the trench. Subse-
quently, we took an out-of-plane measurement. The result is plotted in
figures 5.10 and 5.11 . It is clearly different from the Fraunhofer pattern
from figure 5.4. This indicates memory. The interference pattern is rela-
tively asymmetric, so taking a Fourier transform is not very useful, since
34
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the Dynes and Fulton method requires symmetry in the interference pat-
tern.
The most important feature of this interference pattern is the suppression
of the critical current around zero field. This indicates a 0 and a pi channel.
When a 0 and a pi channel are adjacent to each other, circular current can
flow in the system, due to the opposite direction in which current flows in
these channels.
5.2.6 Out-of-plane measurement demagnetized again
To show the reversibility of the memory, we applied a -150 mT in-plane
field along the trench, and go back to 0 mT in oscillate mode. This should
re-nucleate a single vortex in the disk. Therefore, the interference pattern
should be Fraunhofer-like again. The out-of-plane measurement we did
to show this is plotted in figure 5.12. It is indeed a Fraunhofer interference
pattern.
Figure 5.12: The out-of-plane measurement after device A has been demagne-
tized again, by -150 mT in-plane along the trench and oscillating to 0 mT. It is
Fraunhofer-like again.
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5.3 Vector magnet measurements
5.3.1 Device B
Figure 5.13: A SEM picture of device B, on which all the vector magnet measure-
ments have been performed. As can be seen, the trench is slightly misaligned
with respect to the center of the disk.
5.3.2 Introduction
Unlike in the PPMS, in which we can apply the field in only one direction,
the vector magnet is equipped with three magnetic coils which allow to
apply the field in any direction. In the PPMS, we could only take out-
of-plane measurements when the device was either fully magnetized in-
plane, or demagnetized. In the vector magnet, we can just hold an in-plane
component while taking an out-of-plane measurement. This enlarges our
possibilities enormously.
5.3.3 RT measurement
We started measuring on device A, just like in the PPMS. Unfortunately,
this sample was destroyed by a very high current because of an accident
caused by the writer of this thesis. Therefore, we tried other devices. The
most promising results came from device B, which has been milled for
3 seconds, and the trench is slightly misaligned with the center. Figure
36
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Figure 5.14: The RT-curve of device B. The trench in this sample has been milled
for 3 seconds. Please note that the left y-axis is linear and the right y-axis logarit-
mic, and that the data is the same.
5.14 corresponds to the RT measurement performed on this device. Figure
5.14b shows that the resistance at the lowest measured temperature (1.5 K)
is still going down. All the following measurements will be taken at 2 K.
There still is a little bit of resistance (6mΩ) at this temperature, but it is the
lowest that is easy to stabilize in the vector magnet cryostat.
5.3.4 Out-of-plane measurement with 0 mT in-plane com-
ponent
Figure 5.15: The OOMMF simulation of the cobalt disk before magnetizing it.
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Figure 5.16: The out-of-plane measurement that has been taken directly after de-
vice B had been saturated with a 2 T out-of-plane magnetic field. It shows char-
acteristics of a two channel interference pattern, namely the equally wide and
slowly decaying lobes. There are however more features in this pattern, namely
some sharp peaks.
To begin the actual measurements (when the vortex is in the center of
the disk, see figure 5.15), we took a regular out-of-plane measurement,
which is plotted in figure 5.16. We first took a rough out-of-plane mea-
surement from 0 mT to 25 mT in 1 mT steps to see what is going on. Sub-
sequently, we took a detailed out-of-plane measurement from 30 mT to
-30 mT in 0.5 mT steps. The interference pattern shows some two-channel
features, namely equally wide lobes that are not decaying as strongly as in
the Fraunhofer pattern. However, there are more features in this pattern.
There are also some sharp peaks, which indicates that there is more going
on then just a two-channel interference pattern. To find out what is going
on, we take a Fourier transform. We use L=550 nm in this case.
The result of the Fourier transform is depicted in figure 5.17. The two
channels are clearly there, but there are peaks in the center as well. This
probably causes the sharp peaks in the interference pattern.
5.3.5 Out-of-plane measurement with a 10 mT in-plane com-
ponent
Now we started to move the vortex perpendicular to the trench with an
in-plane field parallel to the trench. We go from 20 mT to -20 mT in 1 mT
38
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Figure 5.17: The Fourier transform of the pattern from figure 5.16. The red lines
indicate the width of the cobalt disk.
Figure 5.18: The OOMMF simulation of the cobalt disk when a 10 mT in-plane
field is applied along to the trench.
Figure 5.19: An in-plane measurement where the magnetic field has been applied
along the trench of device B, such that the vortex moves perpendicular to it.
steps. For every field step, we take a full IV curve from -50 µA to 50 µA.
The result is depicted in figure 5.19. It is visible that the trench of the de-
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vice is slightly misaligned with the center of the disk, since the maximum
critical current is not at 0 field. The maximum indicates that the vortex is
in the trench, if the vortex moves away from it, the supercurrent dies out.
Figure 5.20: An out-of-plane measurement on device B taken while holding an
in-plane component of 10 mT.
We decided to see what is going on around 10 mT in-plane field, so
where the critical current shows a dip. The vortex here should be a lit-
tle bit further away from the trench (see figure 5.18). We took an out-
of-plane measurement here, that is depicted in figure 5.20. Just like the
out-of-plane measurement without an in-plane component, it shows two
channel behaviour. The big difference however, is that this pattern looks
like a 0− pi interference pattern. Characteristic for this pattern is that the
critical current is suppressed around zero field, and that it shows equally
wide, slowly decaying lobes. This suppression is due to circular current
that can flow in the disk due to the presence of a 0 and a pi channel.
We took a Fourier transform to see what the current distribution does,
which is depicted in figure 5.21. Please note that this Fourier transform
should not be taken too seriously, since the interference pattern is slightly
asymmetric. The two channels are most likely not actually split in half.
The Dynes and Fulton method cannot give a definite answer on whether
the channels are 0 or pi, but judging from the interference pattern itself, it
is most likely we are dealing here with a 0 and a pi channel.
40
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Figure 5.21: The Fourier transform of the pattern from figure 5.20. The red lines
indicate the width of the cobalt disk.
5.3.6 Out-of-plane measurement with a 40 mT in-plane com-
ponent
Figure 5.22: The OOMMF simulation of the cobalt disk when a 40 mT in-plane
field is applied parallel to the trench.
We also took an out-of-plane measurement while holding a 40 mT in-
plane component parallel to the trench. The vortex situation at this field
is depicted in figure 5.22. At 40 mT in-plane field, the critical current is
higher than at 10 mT in-plane. This can be seen in figure 5.26. The mea-
sured interference pattern is depicted in figure 5.23. This pattern has the
typical Fraunhofer central lobe, twice as wide as the other lobes. The
height of the other lobes however, is going up with field, instead of de-
caying 1/B, as a usual Fraunhofer pattern does.
We have never seen such a pattern, hence we are not sure what it means.
Something we can say is that the Fraunhofer features of this pattern can
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Figure 5.23: An out-of-plane measurement on device B taken while holding an
in-plane component of 40 mT.
Figure 5.24: The Fourier transform of the pattern from figure 5.23. The red lines
indicate the width of the cobalt disk.
be explained by the fact that the vortex splits the supercurrent into two
channels, and now that we moved the vortex away from the trench, the
interference pattern tends towards a single-channel pattern. The lifting of
all the side lobes cannot be explained with this. We can only take a Fourier
transform and look at the current distribution. The interference pattern is
relatively symmetric, so the Dynes and Fulton method can be used. The
Fourier transform is depicted in figure 5.24. The supercurrent distribution
is indeed still two-channel, but there is also supercurrent in the center.
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Figure 5.25: A sketch of the device to show the direction of the in-plane magnetic
field, namely along the trench.
5.3.7 In-plane measurement
As a next step, we pushed the vortex out with a strong in-plane field, up
to 180 mT. We took a full IV from -50 µA to 50 µA every 3 mT. The result
is plotted in figure 5.26. The supercurrent dies out and comes back several
times, but at 180 mT it is suppressed for sure.
Figure 5.26: An in-plane measurement on device B from 0 mT to 180 mT. This
field is strong enough to push the vortex out of the disk.
Figure 5.27: An in-plane measurement on device B from 180 mT down to 40 mT.
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Subsequently, we lower the field again to 40 mT while taking full IVs.
The result is plotted in figure 5.27. We have stopped measuring at 40 mT
instead of 0 mT because we want to take an out-of-plane measurement.
We do this procedure because we want to compare this out-of-plane with
40 mT in-plane when the sample was not yet magnetized.
5.3.8 Out-of-plane measurement with 40 mT in-plane com-
ponent after magnetizing
Figure 5.28: The OOMMF simulation of the cobalt disk when a 40 mT in-plane
field is applied parallel to the trench, after the sample has been magnetized.
Figure 5.29: An out-of-plane measurement on device B with an in-plane compo-
nent of 40 mT, after the sample has been magnetized along the trench. Please note
the large field range.
After magnetizing the device in-plane, we return to 40 mT in-plane
field. If we compare this situation to the simulations, we have two dif-
ferent scenarios. In one of the simulations, the two vortices that nucleate
44
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have already merged. In the other simulation, two vortices have nucle-
ated, diagonally across from each other, like shown in figure 5.28. Because
the critical currents at 40 mT in-plane in figures 5.26 and 5.27 are an order
of magnitude different, namely on the way up it is ∼20 µA and on the
way back ∼2 µA. This is already a strong indication that the device has
memory.
To check what is going on, we took an out-of-plane measurement. The
result is plotted in figure 5.29. Around 0 mT field, the supercurrent is sup-
pressed, but around it are oscillations up to 25 µA. Please note the large
field range. Even at -90 mT, the critical current is still around 25 µA. We
stopped measuring here because of time limitations. In hindsight, it might
have been a good idea to also measure 40 mT in-plane on the way up with
a higher field range, since the critical current is far from 0 at both 30 mT
and -30 mT. We do not take a Fourier transform of the pattern because it is
too asymmetric.
5.3.9 Out-of-plane measurement with 0 mT in-plane com-
ponent after magnetizing
Figure 5.30: An out-of-plane measurement on device B with an in-plane compo-
nent of 0 mT, after the sample has been magnetized along the trench. The field
sequence is downwards.
Now we return to 0 mT in-plane field to take an out-of-plane measure-
ment. Meanwhile, we also stopped at 10 mT in-plane, but because our
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Figure 5.31: An out-of-plane measurement on device B with an in-plane compo-
nent of 0 mT, after the sample has been magnetized along the trench. The field
sequence is upwards.
current source crashed during the out-of-plane measurement this mea-
surement is basically useless. The results for 0 mT in-plane are plotted
in figures 5.30 and 5.31. In both simulations we did, the vortices have re-
combined to one vortex at 0 mT in-plane field, but these measurements
suggest that this is not the case here, because the patterns are very differ-
ent from the pattern in figure 5.16.
Because our first measurement, with the field sequence downwards, is so
asymmetric, we also took the same sequence upwards. The asymmetry is
still there. We do not have a good explanation for this asymmetry.
5.3.10 Out-of-plane measurement after demagnetizing
To show that it is also possible to reset the memory, we apply a -180 mT in-
plane field and oscillate back to zero. This should re-induce a single vortex
in the disk. We take an out-of-plane measurement to show that the inter-
ference pattern is two-channel again. The result is plotted in figure 5.32.
This is a very clear two-channel interference pattern, with equally spaced
lobes, the height of which decays slowly. This shows that the memory
is reversible. To show that the current distribution is indeed two-channel,
we take a Fourier transform. The result of this Fourier transform is plotted
in figure 5.33. The two channels are very clear.
46
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Figure 5.32: An out-of-plane measurement with an in-plane component of 0 mT,
after the sample has been demagnetized with a magnetic field along the trench.
The interference pattern is clearly a two-channel pattern, characterized by equally
wide lobes of which the height slowly decays.
Figure 5.33: The Fourier transform of figure 5.32 to show that it is indeed a two
channel interference pattern.
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Chapter6
Conclusion & Outlook
In this thesis, we have shown that Josephson junctions, in the shape of a
cobalt disk, have memory. With this we mean that the sample remembers
that it was magnetized using an in-plane magnetic field. We measured this
with an out-of-plane measurement, which gives an interference pattern.
The interference pattern for the magnetized and demagnetized sample are
different.
From the simulations we did, we found that when the field is applied
along the trench, the vortex is pushed out around 96 mT. When the field is
lowered again, two vortices nucleate. There are two ways through which
this can happen. The first way is two vortices with the same chirality,
that appear on the same side of the disk. They nucleate around 54 mT,
and recombine to one vortex at 48 mT. The second way is two vortices
with opposing chiralities diagonally across from each other. They nucle-
ate around 39 mT, and recombine to one vortex at 0 mT. When the field
is applied perpendicular to the trench, the vortex is pushed out at 45 mT.
When the field is lowered again, a multiple-vortex state emerges at 3 mT.
These vortices recombine to one vortex at -18 mT.
The measurements done on device A in the PPMS just show that the sam-
ple has memory. The measurements done on device B in the vector magnet
give more information, because we have several out-of-plane measure-
ments with a fixed non-zero in-plane component, namely 10 mT and 40
mT on the way up and 40 mT on the way down.
The out-of-plane measurement with 0 mT in-plane on the way up shows
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Figure 6.1: A single IV curve measured at 44 mT in-plane field perpendicular to
the trench, going from 0 mT to 150 mT.
that there are two supercurrent channels, with equally wide lobes that
slowly decay. This is also clear from the Dynes and Fulton Fourier trans-
form we did.
At 10 mT in-plane field, the interference pattern shows signs of one 0 and
one pi channel, with a suppressed supercurrent around 0 mT out-of-plane
field.
At 40 mT in-plane field, the interference pattern has characteristics of a
Fraunhofer pattern, namely a central lobe twice as wide as the others. But
the height of the other lobes is however going up with field, instead of go-
ing down. Their Fourier transform suggests that there are three channels,
two large ones on the side and one small one in the middle.
At 40 mT in-plane magnetized, a very funky and asymmetric pattern ap-
pears, the meaning of which is unclear.
During an in-plane measurement on device B, we saw an interesting fea-
ture, plotted in figure 6.1. There is a dip in the IV curve. This reminds of
a φ junction, as described by Sickinger et al. [13]. This is definitely some-
50
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thing that should be looked into in the future.
Something else that would definitely worth looking into is taking out-
of-plane measurements with an in-plane component perpendicular to the
trench. This should move the vortex along the trench, and split the super-
current in two unequal channels.
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AppendixA
We have done two types of out-of-plane measurements, one type where
we prepare the vortex with a positive out-of-plane 2.5 T magnetic field
(figures A.1, A.2 and A.3), and one type with a -2.5 T out-of-plane mag-
netic field (figures A.4, A.5 and A.6).
The main difference between these two sets of measurements is that they
are shifted with respect to each other. We think this is due to the self field,
caused by the polarity of the vortex core.
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Figure A.1: Out-of-plane measurement after saturating the device with a 2.5 T
magnetic field, forward sweep.
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Figure A.2: Out-of-plane measurement after saturating the device with a 2.5 T
magnetic field, backward sweep.
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Figure A.3: Out-of-plane measurement after saturating the device with a 2.5 T
magnetic field, forward sweep.
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Figure A.4: Out-of-plane measurement after saturating the device with a -2.5 T
magnetic field, forward sweep.
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Figure A.5: Out-of-plane measurement after saturating the device with a -2.5 T
magnetic field, backward sweep.
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Figure A.6: Out-of-plane measurement after saturating the device with a -2.5 T
magnetic field, forward sweep.
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